Increasing awareness on the detrimental effects of inorganic chemical coagulants and sustainable treatment have paved the way to develop environmentally-benign natural coagulants for water and wastewater treatment. In this research, brown, green, and red lentil (Lens culinaris) extracts have been evaluated as a natural coagulant for the turbidity reduction. The physicochemical characteristics properties of lentil extract were evaluated through field emission scanning electron microscopy (FESEM), Fourier-transform infrared spectroscopy (FTIR), zeta potential analysis, and energy-dispersive X-ray (EDX) analysis. Red lentil extract was found to be an anionic polymer with hydroxyl and carboxyl functional groups. The effects of three major operating parameters, pH, the concentration of coagulant, and settling time, were studied and optimized through response surface methodology (RSM) using the Box-Behnken Design (BBD). The red lentil extract as coagulant was outperformed alum in acidic wastewater treatment, which achieved up to 98.87% turbidity removal with an optimum concentration of 26.3mg/L in 3min. Besides, the red lentil extract as coagulant reduced 29.42% of material cost, generated 15.6% lower amount of sludge and produced flocs with better settling characteristic (SVI: 7.39) as compared to alum. Based on the experimental observation and characterization study, absorption and bridging mechanisms were proposed for red lentil extract as the coagulant in turbidity reduction.
Introduction
Over the years, the coagulation-flocculation process remains as a common and essential process for water and wastewater treatment due to its simple and cost-effectiveness properties. Among all the available coagulants, inorganic coagulant, especially aluminum sulphate (alum) and iron (III) chloride were widely used in the coagulation-flocculation process. 
Preparation of Lentil Extracts
The fresh brown, green, and red lentils were washed completely with distilled water to remove the impurities, i.e., dirt and dust, and oven-dried at 45 • C for 2 h. After drying, the lentils were ground into a fine powder that passed through a 150 µm-mesh sieve.
The ready lentil powder was then mixed with the distilled water at the lentil to water ratio of 1:15 and heated to 80 • C for 1 h to extract the active compound from the lentil.
The solution was cooled down to the room temperature centrifuged at 3500 rpm (revolutions per minute) for 10 min to remove all the impurities. The solution was oven-dried to obtain dry lentil extract. Prior to the jar testing, the coagulant solution with 3 g/L concentration was prepared by adding 300 mg of lentil extract into 100 mL of distilled water. The mixture was then agitated at 80 • C for 1 h just before coagulation.
Preparation of Model Turbid Water
The stock solution of the model turbid water was prepared by dissolving 10 g of kaolin powder into 2 L of tap water. The kaolin suspension was agitated for 2 h and allowed to settle down for at least 24 h for complete hydration. The supernatant of the suspension was collected and used as a stock solution. The stock solution was diluted to obtained turbid water with 800 Nephelometric Turbidity Units (NTU). The initial pH of the stock solution was 6.8 ± 0.1. For pH adjustment, 1 M of NaOH and HCl were used.
Analytical Method
The pH of the water was measured using HACH HQ11d pH meter while the turbidity of the water sample in NTU was measured using HACH 2100 Q turbidity meter. The functional group of the lentils were analyzed by Fourier-transform infrared spectroscopy (FTIR), and the adsorption band was recorded at characteristics wave numbers at the range of 4000 cm −1 -400 cm −1 . Field emission scanning electron microscopy equipped with energy dispersive analysis of X-ray (Perkin Elmer Spectrum) was used to determine elemental composition and the morphological properties of the lentil. The zeta potential of the lentil extracts (1 mg/mL in 0.1 M of sodium chloride at pH 7) were analyzed through Malvern Zetasizer Nano (ZSP) at 25 • C with 173 • measurement angle. Wet flocs were observed through the microscope (LEICA DM LB2).
Assay of Turbidity Reduction
Turbidity reduction of the turbid water was evaluated through the jar test using VELP Scientifica srl-JLT6 flocculator, which supports 6 units of beakers. Kaolin suspensions were filled into the breaker and coagulants were added accordingly. Then, suspensions were agitated at the intensity of 150 rpm for one minute, followed by slow mixing at 30 rpm for 20 min for growth of flocs. The suspensions were left undisturbed (1-20 min) and the supernatants were collected using a 10 mL syringe at the scheduled time for final turbidity measurement. The turbidity reduction efficiency was calculated by using Equation (1) . Each result obtained and shown was the average value of triplicate measurements. All the jar test experiments were conducted at room temperature (22 • C ± 2 • C).
Turbidity Reduction (%) = Initial Turbidity − Final Turbidity Initial Turbidity × 100% (1)
Sludge Volume and Sludge Volume Index (SVI) Measurement
The volume of the sludge produced for this study was measured using Imhoff cones through volumetric method [8] . After the jar test experiment, the treated water with the settled flocs was transferred to a 1 L Imhoff cone. The sludge production volume in mL was measured after 1 h of The coagulating and flocculating ability of brown, green, and red lentil extracts were first evaluated through the jar test by variation of lentil extracts concentration (0 mg/L, 5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L, 25 mg/L, and 30 mg/L) and the pH and settling time was fixed at 4 and 20 min respectively. The operating parameters (pH, concentration of coagulant and settling time) of the lentil extracts with best turbidity reduction efficiency were then further optimized to investigate its feasibility in turbidity reduction.
A statistical method, response surface methodology (RSM) was used for optimization [10] . RSM helps to quantify the relationship between the designed responds and minimizes the number of experiment runs. In the present study, the three-level Box-Behnken Design (BBD), one of the widely used design of RSM, was adopted to investigate and optimize three independent operating parameters (pH, concentration of lentil extract, concentration of alum, and settling time) affecting the turbidity reduction. The operating parameters and their respective range were ascertained through the results of preliminary experiments. The levels of the three retained operating parameters are coded as low (−1), central point (0), and high (+1) as illustrated in Table 1 . Turbidity reduction efficiency in term of percentage was chosen as the dependent output variable. A total of 15 experiment runs for 3 operating parameters, including three replications at the center point were designed by the Design Expert software (version 10.0.1, Stat-Ease, Inc., Minneapolis, MN, USA). To avoid the effect of unexplained variability in the observed response due to the extraneous variables, all the experiment runs were carried out in random order.
where Y is the predicted response; X i and X j are the coded level of the independent variables (operating parameters), b o is a constant coefficient; b i ,b ii , b ij are the coefficients of the linear, interaction, and quadratic terms, respectively, k is the number of independent variables; and e is the random error. 
Results and Discussion
3.1. Physicochemical Characteristics of Brown, Green, and Red Lentils
Surface Morphology of the Lentils
The dry brown, green, and red lentil extracts were characterized according to their surface morphologies, surface zeta potential, and element contents to establish a thorough understanding on the feasibility of different lentils as a natural coagulant for turbidity reduction. The surface morphologies of the lentils were observed under the Field Emission Scanning Electron Microscopy (FESEM) and their respective images were compared as shown in Figure 1 . The FESEM images of dried brown, green, and red lentil extracts reveal the irregular shape distribution structure which similar to the structure of the cactus bio-coagulant reported by Choudhary et al. [11] . Interestingly, all three lentil extracts exhibited same rough surface with pores and obvious surface abrasions. Zheng et al. [12] and J. Ma et al. [13] claimed the presence of pores at the surface of biopolymer reveal the good flocculating properties of the material as it aided in the particle adsorption and bringing processes. Comparing at magnification of 1000 times, red lentil extract granules have the largest particle size, followed by green lentil, while brown lentil extract granules have the smallest average particle size.
Elemental Compositions of the Lentils
The elemental compositions of brown, green and red lentils were determined by EDX analysis and the results are tabulated in Table 2 . All three lentil extracts were highly carbonaceous materials which mainly made up of carbon and oxygen. The elemental composition results were found to be in close agreement with the natural coagulant reported by R. Ahmad and Haseeb [14] and Agunbiade et al. [15] where carbon and oxygen were the major components for natural coagulant. Some inorganic elements, i.e., calcium (Ca) was detected in trace amount for red lentil extract and potassium (K) for red and brown lentil extracts. The presence of calcium element in red lentil extract might aids in the coagulation process due to it positively charge in nature. 
Zeta Potential of the Lentils
Zeta potential analysis was carried out to determine the surface charge of lentil extracts as it significantly affects the application of the respective biopolymer. The triplicates zeta potential results of brown, green, and red lentils were −3.74 mV, −2.91 mV, and −5.91 mV, respectively, which revealed the anionic properties of the lentil extracts ( Table 3 ). As the surface charge was negative, the primary governing mechanisms are postulated to be absorption and particle bridging. The detail coagulation-flocculation mechanism through lentil extract is discussed later in this paper. 
Functional Groups of the Lentils
FTIR analysis was conducted to study the functional groups present in the brown, green, and red lentils extracts, and the results are shown in Figure 2 . The spectrum observed for all three lentils extracts were similar. The strong peak observed at 3400-3294 cm −1 was attribute to the OH functional group and the O-H stretching of the polymeric compound [16] . Besides, the peak at 2929-2928 cm −1 was recognized as C-H groups [17] . Both O-H and C-H functional groups could be attributed to the protein content found in the lentil extracts [18] . The characteristic peak of stretching of the carboxylic COO-double bond of deprotonated carboxylate functional groups was observed at around 1660-1657 cm −1 [19] . A band in the region around 1549-1540 cm −1 shows the presence of C=O functional group. The peaks between 1000-1200 cm −1 were associated with the stretching of C-O in aromatic compounds of galactose, rhamnose, and galacturonic acid [20] and -OH of polysaccharide [19] . The presence of various of functional groups especially hydroxyl and carboxyl functional groups in lentil extract reveals its potential to adsorb a wide range of contaminant which could aids in the turbidity reduction.
FTIR analysis was conducted to study the functional groups present in the brown, green, and red lentils extracts, and the results are shown in Figure 2 . The spectrum observed for all three lentils extracts were similar. The strong peak observed at 3400-3294 cm −1 was attribute to the OH functional group and the O-H stretching of the polymeric compound [16] . Besides, the peak at 2929-2928 cm −1 was recognized as C-H groups [17] . Both O-H and C-H functional groups could be attributed to the protein content found in the lentil extracts [18] . The characteristic peak of stretching of the carboxylic COO-double bond of deprotonated carboxylate functional groups was observed at around 1660-1657 cm −1 [19] . A band in the region around 1549-1540 cm −1 shows the presence of C=O functional group. The peaks between 1000-1200 cm −1 were associated with the stretching of C-O in aromatic compounds of galactose, rhamnose, and galacturonic acid [20] and -OH of polysaccharide [19] . The presence of various of functional groups especially hydroxyl and carboxyl functional groups in lentil extract reveals its potential to adsorb a wide range of contaminant which could aids in the turbidity reduction. 
Preliminary Study on the Coagulating Ability of Different Lentils
The preliminary study on the coagulation ability brown, green and red lentil extracts were conducted through the jar test experiment at fixed initial pH. Figure 3 shows the turbidity reduction value in percentage achieved by different lentil extracts. Amongst, red lentil extract outperformed brown and green lentil extracts, which exhibited the highest coagulation activities across all concentrations. The red lentil extract achieved a maximum of 93% reduction at the concentration range from 15-20 mg/L. Contrastingly, brown and green lentil extracts only achieved maximum 83.8% and 83.1% of turbidity reduction, respectively at a higher concentration of 20-25 mg/L. The high coagulation ability of red lentil extract was attributed to its high protein content as compared to other lentils. The protein content of red lentil was reported at 31.5 ± 1.1% [21] while brown and green lentils were 24.83 ± 0.02% [22] and 24.90% [23] , accordingly. Besides, the total amylose content of red lentil was found to be highest (32.52%), followed by green lentil (30.6%-31.2%), and brown lentil (28.6%) [23] . Amylose was identified as an important element that helps in the bridging mechanism through projecting the polymer chain into surrounding to allow the absorption of particles onto the surface of the polymer chain [24] . Apart from the protein and amylose content, the EDX result (Table 2 ) explained the high coagulating ability of red lentil as calcium element that aids in coagulation and flocculation activities was found to present in the red lentil extract. As red lentil extract was found to have the best efficiency in turbidity reduction, it was further used as coagulant for optimization to investigate its feasibility in turbidity reduction.
The preliminary study on the coagulation ability brown, green and red lentil extracts were conducted through the jar test experiment at fixed initial pH. Figure 3 shows the turbidity reduction value in percentage achieved by different lentil extracts. Amongst, red lentil extract outperformed brown and green lentil extracts, which exhibited the highest coagulation activities across all concentrations. The red lentil extract achieved a maximum of 93% reduction at the concentration range from 15-20 mg/L. Contrastingly, brown and green lentil extracts only achieved maximum 83.8% and 83.1% of turbidity reduction, respectively at a higher concentration of 20-25 mg/L. The high coagulation ability of red lentil extract was attributed to its high protein content as compared to other lentils. The protein content of red lentil was reported at 31.5 ± 1.1% [21] while brown and green lentils were 24.83 ± 0.02% [22] and 24.90% [23] , accordingly. Besides, the total amylose content of red lentil was found to be highest (32.52%), followed by green lentil (30.6%-31.2%), and brown lentil (28.6%) [23] . Amylose was identified as an important element that helps in the bridging mechanism through projecting the polymer chain into surrounding to allow the absorption of particles onto the surface of the polymer chain [24] . Apart from the protein and amylose content, the EDX result (Table  2 ) explained the high coagulating ability of red lentil as calcium element that aids in coagulation and flocculation activities was found to present in the red lentil extract. As red lentil extract was found to have the best efficiency in turbidity reduction, it was further used as coagulant for optimization to investigate its feasibility in turbidity reduction. 
Model Adequacy Checking
Model adequacy checking is essential to ensure the designed model gives an accurate approximation to the real system and avoid poor or misleading results. R², adjusted R 2 and predicted R² are important indicators used to evaluate the overall performance of the designed model. The R 2 value close to 1 is desirable and the predicted R 2 is required to be in reasonable agreement (the different need to less than 0.2) with the adjusted R 2 . The analysis of variance (ANOVA) of the designed models is tabulated in Table 4 . The R 2 value of models when red lentil extract and alum used as coagulant were relatively high, 0.9996 and 0.9876, respectively, which indicates that only 0.04% and 1.24% of total variation could not be explained by the model. p-value associated with the 95% confidence level was adopted to evaluate the model, operating parameters, and their interactions. The p-value of all designed models were <0.0001 and 0.0003, respectively which found 
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Effect of Operating Parameters and Their Respective Interactions Using Red Lentil as Coagulant
Three-dimension surface response of the quadratic model was created using software to evaluate the interaction between the three designed independent variables (pH, the concentration of coagulant and settling time) as shown in Figure 5a -f. For the 3D surface response, the two parameters were systematically varied while the remaining parameter is fixed. The regression equation of the turbidity reduction for red lentil extract and alum as coagulant were illustrated as follows: (Figure 5a ), increased turbidity removal was observed with increasing concentration of red lentil extract and reducing the pH of the water. Both parameters have strong interaction where the p-value was found to be significant (0.0028). Turbidity removal by red lentil extract was found to be highly dependent on the pH of the water where high turbidity reduction (>80%) was achieved at pH lower than 5. This is attribute to the anionic properties of the red lentil extract where high concentration of hydrogen ions in low pH water aids the bridging mechanism. The red lentil extract further helps to link the particles through its polymer chain either by physical or chemical attachment. Therefore, an insufficient amount of hydrogen ions in water significantly reduce the efficiency of red lentil extract which clearly shown in Figure 5a . Contrastingly, high turbidity reduction was achieved by alum at the initial pH range from 5.5-7 which close to the finding by Ghafari et al. [26] . The efficiency of the turbidity reduction is dropped when the pH is lower than 5.5 as shown in Figure 5b . This is attribute to the present of sweep coagulation mechanism involved. In pH lower than 5.5, the charge neutralization was the only mechanism govern the process as the monomeric species, i.e., Al 3+ , Al(OH) 2 † and AlOH 2 † were predominant in the water [24] . According to the finding by Duan and Gregory [27] , sweep coagulation mechanism generally give a higher reduction efficiency than using charge neutralization mechanism alone. Moreover, high concentration of alum significantly impacts the pH of the water, especially low alkalinity water.
Alum precipitated as hydroxide forms when added to the water which leads to the formation of positive hydrogen ions, and thus reduce the pH of the water and the turbidity reduction [28] . Besides, a clear peak is observed in Figure 5b , indicating that the optimum concentration of the alum was range from 20-28 mg/L. Figure 5 illustrated the interaction between the settling time and pH when the concentration of coagulant was kept constant. The surface response indicated that turbidity reduction is significantly impacted by their individual effect and there is some interaction between both parameters. When red lentil extract was used as a coagulant, the settling time parameter showed a trend where it is proportional to the turbidity reduction while a reverse effect was observed when increasing the pH of the water. The positive hydrogen ions in the water aided the flocculation process which indirectly reduced the required settling time. In the case where alum used as a coagulant, both parameters did not have interaction which evidently by its p-value (0.0776) which did not meet the 95% of confidence level. This was attribute to the less sensitive properties of alum across the pH, thus, did not significantly affect the settling time of the flocs produced. This finding was similar to the finding reported by Shak and Wu [29] , where there is no interaction between the settling time and pH parameters when alum was used alone as a coagulant.
Effect of Settling Time and pH

Effect of Concentration of Coagulant and Settling Time
The 3D response surface for turbidity reduction in the function of concentration of alum and settling time is shown in Figure 5c ,f. When red lentil extract was used as coagulant, increase of settling time from 1-20 min aided in turbidity reduction (>92%) until it reaches optimum point (7-9 min). Prolonged settling time after the optimum point did not significantly contribute to the turbidity reduction as the majority of the flocs were settled. A similar trend was observed when alum was used as the coagulant. However, high turbidity reduction was achieved only at settling time from 16-20 min. Coagulation by alum is through charge neutralization mechanism which generally produced a relatively weak and light weighted flocs [30] as compared to coagulation by red lentil extract through bridging and absorption mechanism. Therefore, longer settling time is needed for settlement when alum is used as coagulant. Teh et al. [24] reported a similar finding where the optimum settling time of the flocs through rice starch as coagulant was shorter than the alum as the coagulant. Besides, the concentration of the coagulant was significantly affected by the settling time. The increased concentration of coagulant did not significantly improve the turbidity reduction when the settling time was short (1-3 min). After the coagulation-flocculation process, the settling velocity of the flocs was dependent to the size and weight. Therefore, sufficient settling time should be given to ensure the effectiveness of coagulant in turbidity reduction. On the contrary, increase the concentration of coagulant aided in turbidity reduction and reduced the required settling time until it reached an optimum point where increase concentration did not show significant impact to the turbidity removal. This is caused by the insufficient absorption site of the particle surface as they were fully occupied by the excess number of polymers [31] . The turbidity removal efficiency was enhanced by adopting a higher coagulant dosage, until it reached optimal point [32] .
Multiple Responses Optimization for Turbidity Reduction
The regression equation of the turbidity reduction for red lentil extract and alum as coagulant were illustrated as follows:
where X 1 = pH; X 2 = concentration of red lentil extract; X 3 = settling time
where Y 1 = pH; Y 2 = concentration of alum; Y 3 = settling time. The coefficients of the individual parameter, i.e., X 1 and two parameters, i.e., X 1 X 2 , represent the individual effect of the particular parameter and the interaction between the parameters, respectively. In both regression equations, the positive sign of the coefficient reveals the synergistic effect, whereas the negative sign represents the antagonistic effect. The optimal conditions of the operating parameters and turbidity reduction for red lentil extract as coagulant and alum as coagulant were determined by using the equation. When red lentil extract was used as coagulant, the optimum conditions for pH, coagulant concentration and settling time were 4.0, 26.3 mg/L, and 3 minutes to achieved 98.68% of turbidity reduction. On the contrary, the optimum conditions for pH, coagulant concentration and settling time when alum used as coagulant were 6.8, 28.5 mg/L, and 19 minutes to achieve 98.37% turbidity reduction. As compared to alum, red lentil extract required 84% shorter settling time and highly effective in acidic water. For acidic wastewater (pH 4), the maximum turbidity reduction achieved by alum was only 95.42% turbidity with 26 mg/L concentration of alum and 10 min settling time. Therefore, it can be concluded that red lentils extract outperformed alum for turbidity reduction in acidic turbid water. The result reveals the possibility of red lentil extract as an effective and eco-friendly coagulant for acidic wastewater such as effluent from fertilizer industries [33] and palm oil mill (POME) [29] , which are two major environmental issues recently.
Validation of the Designed Model
To validate the designed model, total of six confirmation experiments were conducted. The experiment runs were randomly chosen from the range of high, medium and low turbidity reduction from each designed model. Their respective value of pH, concentration of coagulant and settling time are illustrated in Table 5 . The validation results proved that the predicted value from the BBD models was accurate and in good agreement with all the actual experimental values achieved within a 95% confidence interval. 
Evaluation of Sludge/Flocs Produced
Apart from the efficiency in turbidity reduction, sludge production after the treatment process was considered in this study as it significantly affects the economic feasibility of lentil extract. As shown in Figure 6 , the treatment process using red lentil extract produced an average 8.1 mL/L of sludge while treatment using alum produce an average 9.6 mL/L of sludge. This result further evinced the possibility of red lentil extract as coagulant as it reduced up to 15.6% of the sludge produced. Ndabigengesere and Narasiah [34] found a similar result which the use of natural coagulant (Moringa oleifera) generated less sludge as compared to alum. The larger sludge volume generated from the treatment using alum was attributed to the production of aluminum hydroxide as a precipitate [34] . Moreover, the sludge produced using alum was found to be less compact as illustrated in Figure 7 , which led to a higher amount of the sludge. Generally, different coagulants have different coagulating and flocculation mechanisms which produce different amount and properties of sludge. The result obtained reveals the mechanisms involved in the treatment by red lentil extract helps to produce a more compact sludge. The details of the mechanisms involved in red lentil extract is discussed later. 
Evaluation of Sludge/Flocs Produced.
Apart from the efficiency in turbidity reduction, sludge production after the treatment process was considered in this study as it significantly affects the economic feasibility of lentil extract. As shown in Figure 6 , the treatment process using red lentil extract produced an average 8.1 mL/L of sludge while treatment using alum produce an average 9.6 mL/L of sludge. This result further evinced the possibility of red lentil extract as coagulant as it reduced up to 15.6% of the sludge produced. Ndabigengesere and Narasiah [34] found a similar result which the use of natural coagulant (Moringa oleifera) generated less sludge as compared to alum. The larger sludge volume generated from the treatment using alum was attributed to the production of aluminum hydroxide as a precipitate [34] . Moreover, the sludge produced using alum was found to be less compact as illustrated in Figure 7 , which led to a higher amount of the sludge. Generally, different coagulants have different coagulating and flocculation mechanisms which produce different amount and properties of sludge. The result obtained reveals the mechanisms involved in the treatment by red lentil extract helps to produce a more compact sludge. The details of the mechanisms involved in red lentil extract is discussed later.
The SVI value is generally used to determine the settleability characteristics of the sludge/flocs produced. In this study, the SVI values were calculated at the optimal dose of red lentil extract and alum at pH 4. The SVI value of the flocs after the treatment using red lentil extract and alum were 7.39 mL/g and 8.72 mL/g, respectively. The lower SVI value of the flocs produced by red lentil extract revealed its ability to produce flocs with better settling characteristics as compared to alum. 
Economic Feasibility Analysis of Lentil Extracts as Coagulant
Globally, economic is one of the critical aspects to evaluate the feasibility of material for a certain application. For the coagulation-flocculation process, the major costs are made up from two aspects, chemical and sludge management cost. Therefore, the economic interest to utilize red lentils as the coagulant in industrial turbidity reduction were evaluated based on these two aspects. The material costs of red lentil extract and alum [24, 35] were calculated based on the optimum concentration found in this study and tabulated in Table 6 . Red lentil extract was found to be more economical treatment option with a chemical cost of $0.0079 as compared to alum with $0.0112 per cubic meter of wastewater treated. The result reveals the use of red lentil extract reduced up to 29.42% material cost of the treatment, which evinced the high feasibility of red lentil extract as the coagulant for turbidity reduction in acidic wastewater treatment.
The sludge management of using red lentil extract and alum as coagulant were evaluated as it generally accounts up to 50% of the total wastewater treatment cost. According to the U.S. Environmental Protection Agency, the management cost of sludge is range from $35-38 per dry ton. As discussed earlier, the sludge production volume for red lentil extract as coagulant was 15.6% lower which could save up to $5.9 per ton of the sludge produced. Besides, the treatment using alum generated aluminum-based sludge, which required higher cost and special treatment in certain countries, i.e., Malaysia classified aluminum-based sludge as Scheduled Waste (SW204) [36] . Contrastingly, the sludge generated by using red lentil extract is biodegradable organics which may reuse as a fertilizer. Therefore, utilizing red lentil extracts as the coagulant for turbidity reduction in acid wastewater treatment offer few great advantages such as material and sludge disposal cost reduction and sustainable development through beneficial reuse of the waste product. 
Proposed Mechanism for Red Lentil Extract
The preliminary study of the flocculating ability of different lentil extracts suggested that the lentils with higher amount of protein and amylose exhibit a higher efficiency in turbidity reduction. Therefore, the active agents of the lentil extract were postulated to be water-soluble protein which similar to Moringa oleifera and amylose from the starch. The SVI value is generally used to determine the settleability characteristics of the sludge/flocs produced. In this study, the SVI values were calculated at the optimal dose of red lentil extract and alum at pH 4. The SVI value of the flocs after the treatment using red lentil extract and alum were 7.39 mL/g and 8.72 mL/g, respectively. The lower SVI value of the flocs produced by red lentil extract revealed its ability to produce flocs with better settling characteristics as compared to alum.
Economic Feasibility Analysis of Lentil Extracts as Coagulant
Globally, economic is one of the critical aspects to evaluate the feasibility of material for a certain application. For the coagulation-flocculation process, the major costs are made up from two aspects, chemical and sludge management cost. Therefore, the economic interest to utilize red lentils as the coagulant in industrial turbidity reduction were evaluated based on these two aspects. The material costs of red lentil extract and alum [24, 35] were calculated based on the optimum concentration found in this study and tabulated in Table 6 . Red lentil extract was found to be more economical treatment option with a chemical cost of $0.0079 as compared to alum with $0.0112 per cubic meter of wastewater treated. The result reveals the use of red lentil extract reduced up to 29.42% material cost of the treatment, which evinced the high feasibility of red lentil extract as the coagulant for turbidity reduction in acidic wastewater treatment. The sludge management of using red lentil extract and alum as coagulant were evaluated as it generally accounts up to 50% of the total wastewater treatment cost. According to the U.S. Environmental Protection Agency, the management cost of sludge is range from $35-38 per dry ton. As discussed earlier, the sludge production volume for red lentil extract as coagulant was 15.6% lower which could save up to $5.9 per ton of the sludge produced. Besides, the treatment using alum generated aluminum-based sludge, which required higher cost and special treatment in certain countries, i.e., Malaysia classified aluminum-based sludge as Scheduled Waste (SW204) [36] . Contrastingly, the sludge generated by using red lentil extract is biodegradable organics which may reuse as a fertilizer. Therefore, utilizing red lentil extracts as the coagulant for turbidity reduction in acid wastewater treatment offer few great advantages such as material and sludge disposal cost reduction and sustainable development through beneficial reuse of the waste product.
Proposed Mechanism for Red Lentil Extract
The preliminary study of the flocculating ability of different lentil extracts suggested that the lentils with higher amount of protein and amylose exhibit a higher efficiency in turbidity reduction. Therefore, the active agents of the lentil extract were postulated to be water-soluble protein which similar to Moringa oleifera and amylose from the starch.
Generally, the suspended particles in the water absorbed into the polymer through electrostatic force by the opposite charge polymer, hydrogen bonding and hydrophobic properties of the polymer that contain non-polar groups i.e., CH 2 . The proposed mechanism coagulation-flocculation by red lentil extract during the optimum condition (pH 4 and 26.3 mg/L concentration of red lentil extract) was adsorption facilitated by interparticle bridging mechanism as illustrated in Figure 8 . The proposed bridging mechanism was supported by the behavior of the turbidity removal curve by the red lentil extract (Figure 5c ) where the turbidity reduction reduced after the optimal concentration. In the bridging mechanism, a sufficient number of unoccupied surfaces on the particle is needed for the polymer bridging process. The excessive polymers on the surface particle inhibit the coagulation-flocculation process. This phenomenon is known as steric stabilization [37] . The proposed mechanism was further supported by the chemical compositions of red lentil extract. The divalent ions that present in lentil extract, i.e., Ca †2 , aided in the complex formation of the coagulation-flocculation process through a synergistic effect. The compact structure of flocs formed by using red lentil extract as the coagulant (Figure 7a ) also supported the proposed adsorption and bridging mechanism. Generally, the suspended particles in the water absorbed into the polymer through electrostatic force by the opposite charge polymer, hydrogen bonding and hydrophobic properties of the polymer that contain non-polar groups i.e., CH₂. The proposed mechanism coagulation-flocculation by red lentil extract during the optimum condition (pH 4 and 26.3 mg/L concentration of red lentil extract) was adsorption facilitated by interparticle bridging mechanism as illustrated in Figure 8 . The proposed bridging mechanism was supported by the behavior of the turbidity removal curve by the red lentil extract (Figure 5c ) where the turbidity reduction reduced after the optimal concentration. In the bridging mechanism, a sufficient number of unoccupied surfaces on the particle is needed for the polymer bridging process. The excessive polymers on the surface particle inhibit the coagulationflocculation process. This phenomenon is known as steric stabilization [37] . The proposed mechanism was further supported by the chemical compositions of red lentil extract. The divalent ions that present in lentil extract, i.e., Ca †2 , aided in the complex formation of the coagulation-flocculation process through a synergistic effect. The compact structure of flocs formed by using red lentil extract as the coagulant (Figure 7a ) also supported the proposed adsorption and bridging mechanism. 
Conclusions
This study has successfully examined the feasibility of the red lentil extract as the coagulant for turbidity reduction as a coagulant. There are a few significant conclusions that can be drawn from this study.
•
Red lentil extract has the highest turbidity reduction efficiency, followed by brown lentils and green lentil extract.
The main active compounds of red lentil extract were postulated to be the soluble protein and the amylose. Besides, the coagulation-flocculation mechanism utilizing red lentil extract as a coagulant was found to be adsorption and facilitated by bridging.
The high correlation of the designed model revealed the suitability of the second-order 
Conclusions
•
The high correlation of the designed model revealed the suitability of the second-order polynomial model using BBD as an optimization tool to optimize the operating parameters for turbidity reduction. The utilization of red lentil extract as coagulation can be achieved up to 98.87% of turbidity reduction and the optimal conditions for pH, concentration of coagulant and settling time were 4, 26.3 mg/L, and 3 min. This promising efficiency was comparable to those acquired by using alum as the coagulant.
The red lentil extract was found to be more environmentally friendly approached as it generated 15.6% lower sludge as compared to alum as coagulation and helped to reduce the sludge management cost for the wastewater treatment. Besides, it produced flocs with better settling characteristic (based on SVI) as compared to alum.
Therefore, it can be concluded that the red lentil extract was a promising and effective natural coagulant for acidic wastewater. It can be an alternative to chemical coagulants and a sustainable choice for turbidity reduction in the treatment of acidic wastewater. Besides, the characterization and optimization study of the lentil extract as the natural coagulant is expected to provide valuable information for other applications in environmental and related fields.
